asbestos at various concentrations in vitro. Since human is the most carcinogenic asbestos type in the causation of pleural mesothelial cells from pleural effusions are difficult to human mesothelioma, an insidious but rare tumor (~2500 cases propagate and show individual variability in cytotoxic and are diagnosed in the USA annually) (1-3) . genotoxic responses to asbestos (4, 28, 29) , an SV40 T antigenThe molecular mechanisms of asbestos-induced carcinotransformed human mesothelial cell line (MET5A) has been genesis are unclear and studies examining DNA damage by used by us (30) and others (28, 31, 32) to study the effects of asbestos in a variety of cell types have been equivocal asbestos on progenitor cells of mesothelioma. In work here, we measured 8-OHdG formation, cytotoxicity and apoptosis damage in RPM cells using iron-chelated crocidolite fibers
hydroxide and 10 mM acetic acid buffer, pH 5.1, containing 8% methanol.
and glass beads (a non-fibrous particle control). Iron-chelated
The flow rate was 1.0 ml/min with an applied potential of ϩ0.6 V. 8-OHdG asbestos, but not glass particles, caused elevations in 8-OHdG in DNA was expressed as the ratio of 8-OHdG to deoxyguanosine.
in RPM DNA. Lastly, we determined that exposure to asbestos
MTS assay and trypan blue exclusion technique
caused increases in message levels of manganese-containing Two assays were used to assess cytotoxicity in both cell strains after exposure superoxide dismutase (MnSOD), an enzyme associated with to asbestos. The MTS assay, based on conversion of 3-(4,5-dimethylthiazol-2-antioxidant defense and protection from asbestos-induced cytoyl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) to toxicity (33, 34) , in both cell lines. Our results indicate that formazan, was performed according to the manufacturer's protocol (Promega, Madison, WI). Cells were grown to confluency in 96-well plates and exposed asbestos causes increased formation of 8-OHdG in DNA in to particulates in 0.5% FBS-containing medium as described above for up to RPM cells. Oxidative damage to DNA also correlated with 72 h. At each time point, 20 µl MTS stock solution were then added in 100 µl increased sensitivity of these cells to asbestos-induced fresh culture medium and cells were incubated for 2.5 h at 37°C. After apoptosis, a type of programed cell death occurring after incubation, culture medium was removed and evaluated at 490 nm absorption using an ELISA plate reader (Molecular Devices, Menlo Park, CA). For oxidative stress in other cell types (reviewed in 35).
determination of numbers of viable cells which exclude trypan blue, confluent cells treated identically with asbestos in 12-well plates were trypsinized,
Materials and methods
pelleted after centrifugation at 500 g, for 5 min at 4°C, resuspended in complete F12/DMEM medium and an aliquot counted on a hemocytometer Materials slide in 0.5% trypan blue (Sigma).
National Institute of Environmental Health Sciences (NIEHS) processed
Flow cytometry analysis crocidolite asbestos fibers were obtained from the Thermal Insulation Manufacturers Association Fiber Repository (Littleton, CO). These fiber preparations
To determine the cell cycle distribution of untreated and asbestos-exposed have a mean fiber length of 19 µm and a mean fiber diameter of 0.25 µm cells in dishes, flow cytometry analysis was performed on both MET5A and and have been characterized previously by phase microscopy after addition RPM cells at 24, 48 and 72 h after exposure to asbestos. Adherent cells after to RPM cells for morphological evidence of cytotoxicity, i.e. cell sloughing trypsinization were washed twice in HBSS, and centrifuged at 500 g at 4°C and necrosis (36) . Glass beads (1-4 µm diameter) were obtained from for 10 min. Cells were then resuspended in HBSS, filtered through a 53 µm Particle Information Services Inc. (Kingston, WA) and used as a non-fibrous pore nylon mesh to achieve single cell preparations and cell numbers particle control.
determined with a hemocytometer. Approximately 10 6 cells were then added to a 1 ml solution containing propidium iodide (50 µg/ml), Triton X-100 Cell culture and exposure to particulates (1%), sodium citrate (4 mM) and RNase (32 µg/ml) (39) . Following a 1 h RPM cells were isolated from the parietal pleura of Fischer 344 rats by incubation at 4°C, cells were analyzed on an Epics Elite Cytometer (Coulter methods described previously (37) . Cells were propagated for up to 10 Corp. Miami, FL). A total of 10 000 gated events per determination in passages in F12/Dulbecco's modified Eagle's medium (DMEM) (50:50 v/v) duplicate were analyzed and recorded on a 1024 linear channel histogram, medium (Gibco, Grand Island, NY) containing 10% fetal bovine serum (FBS) with Elite software used for the analysis of data. Data were expressed as and hydrocortisone (100 ng/ml), insulin (2.5 µg/ml), transferrin (2.5 µg/ml) the percentage of cells in apoptosis, G 0 /G 1 , S and G 2 /M as described and selenium (2.5 µg/ml) (Sigma, St Louis, MO). A human pleural mesothelial previously (39) . cell line immortalized by transformation with SV40 T antigen (31) (MET5A)
Northern blot analysis was kindly provided from Drs Brenda Gerwin and Curtis Harris (Laboratory of Human Carcinogenesis, NCI, Bethesda, MD). These cells, which resemble Total cellular RNA was extracted from 4ϫ10 6 cells using a guanidinium/ normal human mesothelial cells from pleural effusions in their responses to phenol method as previously reported (33) . Purity and concentration were asbestos (28, 31, 32) , were maintained in complete F12/DMEM medium with determined by measuring UV absorbance at 260 and 280 nm. A total of 15 µg additives as described above. At confluency, growth medium was replaced total RNA was electrophoresed, transferred onto nitrocellulose filters and with 0.5% FBS-containing complete medium and asbestos fibers or glass hybridized to [α-32 P]dCTP-labeled cDNA probes. To ascertain equal loading beads were suspended in Hank's balanced salt solution (HBSS) (Gibco) at of RNA on individual lanes, gels were examined after staining with ethidium 1 mg/ml and triturated eight times through a 22 gauge needle before addition bromide. Rat and human cDNA probes for MnSOD were a generous gift of directly to medium at final concentrations of 2.5-10 µg/cm 2 area of dish Dr Ye-Shih Ho (Wayne State University, Detroit, MI). A cDNA probe for (26, 32) . Untreated cultures were removed from the incubator and subjected the enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH), kindly to mock manipulations.
obtained from Dr L.Jeanteur (Paris, France) was also used as a housekeeping gene (40) . cDNA probes were labeled with [α-32 P]dCTP by a random hexamer Deferoxamine and ferrozine pretreatment of asbestos priming method (Promega, Madison, WI) (29) . Hybridization signals were Crocidolite asbestos (1 mg/ml) was suspended in calcium-and magnesium-free then quantified using a phosphorimaging system (GS-250; BioRad, Hercules, phosphate-buffered saline (CMF-PBS), pH 7.1, with or without deferoxamine CA) and data normalized to GAPDH signals. (GIBA, Summit, NJ) and ferrozine (Sigma) at 1 mM (7) by trituration eight Statistical methods times through a 22 gauge needle. The suspension was kept in the dark for 24 h and asbestos fibers washed with CMF-PBS three times after centrifugation All raw data from individual experiments were analyzed by analysis of at 500 g for 10 min at room temperature to remove iron chelates and iron in variance (ANOVA) with the use of the Student-Newman-Keuls test for the supernatant before addition of fibers to cells as described above. Fibers were multiple comparisons. treated in CMF-PBS without iron chelators as additional experimental controls.
DNA extraction and HPLC-EC analysis for detection of 8-OHdG

Results
At 24 h time intervals up to 72 h 3ϫ10 7 cells pooled from 3-10 100 mm
8-OHdG formation in DNA is increased by asbestos in RPM
plates per treatment group were dispersed in 1.6 ml TE-proteinase K buffer (10 mM Tris-HCl, 100 µg/ml proteinase K, 5 mM EDTA and 0.5% sarkosyl, cells but decreased in MET5A cells 
Neither iron-chelated asbestos nor high serum-containing medium attenuate asbestos-induced 8-OHdG in RPM cells
To determine whether iron on the surface of asbestos fibers is important in asbestos-mediated 8-OHdG formation, we chelated iron from fibers using an established technique (7). Fibers were incubated in deferoxamine (an Fe 3ϩ chelator) and ferrozine (an Fe 2ϩ chelator) in phosphate-buffered saline (PBS) for 24 h prior to their addition to RPM cells for 72 h. Figure 3 shows 8-OHdG formation in RPM cells in response to native crocidolite fibers, deferoxamine-ferrozine-treated fibers, crocidolite fibers incubated in PBS for 24 h and glass beads. In comparison with untreated controls, significant increases (P Ͻ 0.05) in 8-OHdG were observed in RPM cells after exposure to all preparations of asbestos. These results indicate that chelation of iron from fibers was ineffective in reducing oxidative damage to DNA, although cytotoxicity of ironchelated fibers was diminished in RPM cells (data not shown). In contrast, RPM cells exposed to the non-fibrous, non-toxic particle glass beads at 20 µg/cm 2 dish failed to show increased 8-OHdG formation ( Figure 3 ). Serum proteins coat asbestos fibers and high concentrations (i.e. 10% in medium) of serum ameliorate both asbestos-associated cytotoxicity and unscheduled DNA synthesis in RPM cells (41) . In experiments here, addition of 10% serum to the medium did not alter asbestosinduced elevations in 8-OHdG in RPM cells ( Figure 4 ).
Crocidolite asbestos-induces more cytotoxicity in RPM cells in comparison with MET5A cells
To determine whether elevations in 8-OHdG in RPM cells reflected an increased sensitivity of these cells to asbestos in comparison with MET5A cells, a sensitive MTS assay was indication of decreased viability. These data correlated with trends in cytotoxicity of asbestos using the trypan blue exclusion technique (data not shown). Note that significant decreases In contrast, both concentrations of crocidolite asbestos caused increases in 8-OHdG formation in RPM cells, with significant (P Ͻ 0.05) in formazan production were observed in response to both 2.5 and 10 µg/cm 2 asbestos at all time periods in RPM elevations (P Ͻ 0.05) (~2-fold) above control values at 72 h ( Figure 2B ). cells and the toxicity of asbestos increased over time. In G 0 /G 1 , S and G 2 /M phases of the cell cycle after exposure to asbestos or glass beads at various time points. Note that doserelated increases in apoptosis were observed in both cell types after exposure to asbestos, but elevations were significant at both concentrations of fibers and more striking over time in RPM cells. In contrast to earlier time points, apoptosis by asbestos was insignificant in MET5A cells at 72 h. In this cell type, decreases in the percentage of cells in G 0 /G 1 occurred at both concentrations of asbestos at 48 h with a significant increase (P Ͻ 0.05) in S phase cells at 2.5 µg/cm 2 asbestos at 72 h. In contrast, RPM cells exhibited significant (P Ͻ asbestos-exposed cells in S phase at 72 h. In MET5A cells, no remarkable changes were noted in the percentage of cells contrast, the cytotoxicity of asbestos was insignificant at in G 2 /M, but decreases were observed in RPM cells exposed 2.5 µg/cm 2 asbestos at 24 h in human MET5A cells and to 10 µg/cm 2 asbestos. Exposure to glass beads (20 µg/cm 2 ) toxicity did not increase over time in these cells. In comparison showed no alterations in apoptosis nor cell cycle kinetics in with asbestos, glass beads at 20 µg/cm 2 failed to cause either cell line at any time point. Data were further examined for decreases in formazan production.
interactions between treatment groups and cell type. Significant differences (P Ͻ 0.05) were observed between the severity of Crocidolite asbestos causes alterations in cell cycle distribution apoptosis in RPM versus MET5A cells at all time points. in both MET5A and RPM cells Increases in gene expression of MnSOD are observed in both Flow cytometry analysis (39) was used to demonstrate differ-MET5A and RPM cells after exposure to crocidolite asbestos ences in cell cycle kinetics and the induction of apoptosis by asbestos in both rat and human mesothelial cells. Figure 6 MnSOD message levels and immunoreactive protein increase after addition of asbestos and systems generating superoxide shows the percentage of apoptotic cells and those in the of 1-5% (predominantly G:C→T:A transversions) (25), has been widely studied as a molecular marker for oxidative DNA to normal human mesothelial cells (40) and hamster tracheal damage because it is almost exclusively elicited by oxidative epithelial cells (33) . In studies here, MnSOD message levels stress (43) . Although others have found that crocidolite asbestos were measured as an indication of oxidative stress in both cell induces 8-OHdG levels in extracted calf thymus DNA (44) strains. Elevations in steady-state mRNA levels of MnSOD and in phorbol-stimulated HL60 cells, a macrophage leukemic were observed in both MET5A and RPM cells, although cell line (45), a unique aspect of our present study is the patterns varied over time. Both 1 and 4 kb mRNA species demonstration of 8-OHdG formation by asbestos in the rat were found in both cell lines. Moreover, in MET5A cells the mesothelial cell, a target cell of mesothelioma. 4 kb band was the predominant mRNA species, as has been A comparative examination of human MET5A and RPM observed previously in normal human mesothelial cells from cells showed that patterns of 8-OHdG formation by asbestos pleural effusions (40) . As can be seen in Figure 7 , significant were different. In RPM cells, increased 8-OHdG production increases in both 1 and 4 kb MnSOD mRNAs were observed correlated with dose and time. In contrast, DNA lesions were in MET5A cells at the lowest concentrations of asbestos at significantly lower in asbestos-treated MET5A cells (Figure 2 ). most time points. Although the toxicity of 10 µg/cm 2 asbestos Several explanations for these dissimilar responses are possible. precluded determination of MnSOD expression at 48 and 72 h First, MET5A cells are more resistant to cytotoxicity and in RPM cells, message levels of the 1 kb species were elevated apoptosis by asbestos, exhibiting a recovery pattern after 48 h at 24 and 48 h in response to 10 and 2.5 µg/cm 2 asbestos (Figures 5 and 6 ). Moreover, a higher percentage of cells (Figure 8 ). In contrast, addition of glass beads (20 µg/cm 2 ) existed in the S and G 2 /M phases of the cell cycle than in failed to alter MnSOD message levels. RPM cells exposed to identical concentrations of asbestos. In contrast, S phase RPM cells were decreased after exposure to Discussion asbestos, with a remarkable increase in apoptotic cells with increasing fiber doses over time. Epidemiological data as well as experimental animal studies MET5A cells were also able to mount a more striking and demonstrate that asbestos exposure is associated with the persistent increase in MnSOD gene expression in response to induction of mesothelioma (1) (2) (3) 42) . Based on work from our asbestos, an indication of a protective response to oxidative laboratory and others indicating that asbestos acts through stress. For example, overexpression of MnSOD protects trachgeneration of oxidants, we hypothesized here that crocidolite eal epithelial cells from the cytotoxic effects of asbestos (34) . asbestos would induce oxidative DNA damage in mesothelial
In the studies here, increased MnSOD message levels were cells. Although others have reported that asbestos causes observed in both asbestos-exposed cell strains at 24 and 48 h. chromatid and chromosomal abnormalities, including sister chromatid exchanges, aneuploidy, translocations and deletions, However, in RPM cells, no increased mRNA levels were observed at 72 h, whereas up-regulation of MnSOD persisted in the biological effects of fibers. Using electron spin trapping, others have demonstrated that asbestos can generate OH o from for 72 h in MET5A cells (Figures 7 and 8) .
Although MET5A cells may be more resistant than RPM H 2 O 2 by the Haber-Weiss reaction (15,16). Chelating iron with deferoxamine reduces asbestos toxicity (10, 11, 13 ) and cells to asbestos-associated effects because of their immortalized state, they are similar to normal human mesothelial cells lipid peroxidation in vitro (19, 20) . Moreover, in a cell-free system, Faux and Levy have recently reported that pretreatment in their sensitivity to the cytotoxicity and genotoxicity of asbestos (28, 31, 32) , induction of antioxidant enzymes (40) and of asbestos with deferoxamine and ferrozine also decreases 8-OHdG formation in calf thymus DNA (7) . In contrast to these growth factor-induced cell proliferation (31,46). RPM cells are isolated from normal pleural mesothelial cells and retain results, we found no effect of iron chelation of asbestos fibers on 8-OHdG formation (Figure 3) . Deferoxamine either directly their diploid state and differentiated features for up to at least 10 passages in vitro (37) . Since the MET5A line is an SV40 binds to fiber surface iron (54) and/or removes iron from asbestos fibers (55) . For example, deferoxamine slowly T antigen-transformed cell line, T antigen might suppress the activities of p53 and retinoblastoma protein (Rb) in the cell removes iron from crocidolite asbestos over a 3 month period (54) . In our studies, pretreatment of fibers with both chelators cycle (47, 48) . Since p53 and Rb are two essential factors in the G 1 /S checkpoint (reviewed in 49), MET5A cells may have for as long as 6 months failed to ameliorate asbestos-associated 8-OHdG formation. However, iron-chelated fibers were less an enhanced capacity to enter S phase. It is believed that DNA damage increases the level of p53 protein, which in turn leads toxic than unchelated asbestos to both RPM and MET5A cells, indicating the efficacy of the chelation procedure (data not to an increase in the level of p21 protein (WAF-1) and to an arrest in G 1 of the cell cycle. Sufficient levels of DNA damage shown). Use of low serum-and low iron-containing medium also precludes the possibility that iron-chelated fibers reabthen lead to apoptosis. Therefore, the combination of less DNA damage in response to asbestos as well as low p53 sorbed iron from the extracellular milieu. In accordance with our data, Adachi and Takemoto have demonstrated in a cell activity could contribute to the smaller percentage of MET5A apoptotic cells observed here. Alternatively, others have shown free system that deionized crocidolite fibers (with~50% total iron on fibers removed) unexpectedly increased 8-OHdG that abrogation of p53 function by transfection of the HPV16 E6 gene does not increase resistance to DNA damaging agents production in calf thymus DNA when compared with native fibers (44) . Addition of free iron (0.5 mM Fe 2 O 3 ) with deionized such as ionizing radiation (50) .
It is also plausible that MET5A cells may have a higher fibers also resulted in decreases in 8-OHdG formation, but addition of H 2 O 2 caused dramatic elevations in 8-OHdG DNA repair capacity than RPM cells. For example, Chen and colleagues have shown that basal gene expression of human levels. These experiments also suggest that iron per se is not responsible for asbestos-associated 8-OHdG formation. apurinic endonuclease, an important DNA repair enzyme, is 10-to 20-fold higher in transformed cells in comparison Our results with chelated asbestos fibers suggest that asbestos fibers may generate oxidative DNA damage through multiple with primary cultures (51) . A recent collaborative study also suggests that MET5A cells may not accumulate DNA damage iron-dependent and -independent mechanisms. For example, fibers are phagocytozed by cells leading to an oxidative burst and/or exhibit increased DNA repair after exposure to asbestos because oxidative RNA and DNA bases, including 8-OHdG, (10, 11) . The geometry of the fibers is a major factor leading to release of oxidants; long fibers are phagocytozed incompletely, are released from cells into spent culture medium (30) . To date, RPM cells have not been examined comparatively for leading to a more dramatic respiratory burst and increased leakage of ROS (17). We also observed here that mesothelial release of oxidative bases extracellularly.
Although strict comparisons between RPM and MET5A cells avidly phagocytoze asbestos fibers (unpublished data), a source of oxidants which could override iron catalyzed produccells are unjustified, our work here may provide an explanation for why human mesothelial cells and other cell types in vitro tion on the fiber surface. Asbestos fibers induce lipid peroxidation and increased membrane permeability through ironexhibit more resistance to genotoxicity and cytotoxicity by asbestos in comparison with rodent cells (reviewed in 4).
independent pathways in some cell types (55, 56) . In addition, 8-OHdG formation by asbestos could be iron dependent Moreover, rats are particularly sensitive to the development of mesothelioma after injection or inhalation of fibers of many through mobilization of intracellular iron (14) or iron sources other than the asbestos fibers per se. For example, oxidants types (42) . Studies by Shigenaga and Ames show that normal 8-OHdG urine levels in rats are~3.3-fold higher than in the such as H 2 O 2 can also stimulate iron release from intracellular sources (57) . Thus, subsequent to generation of H 2 O 2 , free human (50), suggesting higher baseline production of oxidative bases in rodents. Moreover, Lin and colleagues have also iron from the cell medium or dead cells may produce OH o which mediates damage to DNA by asbestos. Another plausible found that rat embryonic fibroblasts are 13-fold more sensitive to the toxic effects of cadmium, a metal linked to oxidative mechanism here may be that asbestos fibers generate OH o by an iron-independent pathway involving reactive nitrogen stress, than are human skin fibroblasts (51) . These results together suggest that species-specific effects are important in species (58) . Nitric oxide and superoxide could then produce peroxynitrite which can form OH o and nitrogen dioxide (59) . responses to oxidative injury and support many other studies in the literature showing differences between rates of DNA 8-OHdG formation was a protracted process in RPM cells and was associated with increased cytotoxicity and apoptosis repair and mutagenesis in rat and human tissues.
Many studies have shown that 8-OHdG formation is associin response to crocidolite asbestos. In RPM cells, elevations in 8-OHdG were not observed until 72 h and contrasted with ated with the highly reactive OH o radical (52) . Since OH o has a short diffusion distance in cells (2 nm), 8-OHdG is expected rapid 8-OHdG formation by asbestos in cell-free systems (3-5 h) (7, 44) and in HL60 cells (12-24 h) (45) . Unlike the to occur in a site-specific manner due to formation of OH o in close proximity to DNA (53) . Because OH o production is phorbol-activated HL60 cell, a mesothelial cell is not a typically phagocytotic cell and accumulation of a critical mass of mainly iron-dependent via the Haber-Weiss reaction, some have suggested that the iron content of asbestos is important intracellular fibers might be required to trigger 8-OHdG Modification of DNA bases in mammalian chromatin by radiation-
